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Abstract
The employment of biofuels in blends with diesel oil proved to attain a reduced envi-
ronmental impact without compromising the engine performance. Among biofuels, 
waste cooking oil offers the advantages of its reduced raw material cost in compari-
son with fresh vegetable oil cost; it also eliminates the environmental impacts caused 
by its disposal. Although a great number of researches has been devoted to biodiesel 
combustion in engines and pollutant emissions, few studies can be found on light duty 
diesel engine equipped with up-to-date technologies. This work aims at investigating 
the impact of waste cooking oil percentage in blends with diesel oil on the performance 
and emission characteristics of an up-to-date light and compact common rail diesel 
engine whose main application is in microcars and in urban vehicles. A comprehen-
sive experimental activity was performed in the engine complete operative field. The 
comparison of the results with those obtained with standard ultralow-sulfur diesel 
highlighted that the engine performance was quite similar for B20 and diesel oil. B40 
suffered for the lower caloric value in regard to diesel. A reduction in CO and HC 
was obtained with biodiesel blends, along with an increase in NO
x
. Particulate emis-
sions were also reduced for biodiesel blends; the mean size of particles was smaller as 
regards diesel oil.
Keywords: diesel engine, biodiesel blend, waste cooking oil, pollutant emission, particulate 
emission
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1. Introduction
In the frame of complying with the emission regulations that become day by day more and 
more stringent, researchers have focused their interest on areas of fuel injection control strate-
gies, exhaust gas recirculation, exhaust gas posttreatment devices, and also on areas of alter-
native fuels.
Alternative fuels from vegetable oils and animal fats have been proposed for a partial and 
total replacement of diesel fuel to reduce the environmental impact in terms of air pollution 
and dependence on fossil fuel.
Among these fuels, biodiesel from vegetable oils has received great attention for its renew-
ability and its potential to reduce greenhouse gas emissions and soot formation [1–4].
Experimental investigations have highlighted that biodiesel used in blends with diesel is 
responsible for a reduction in unburned hydrocarbon, carbon monoxide, and particle emissions 
due to the increased oxygen content in the fuel [4–8]. In regard to NO
x
 emission, somehow con-
tradictory conclusions were found, since there are numerous factors, each has its own relative 
importance according to the engine technology and operating conditions of the blended fuel 
[9–13]. Physical properties, chemical composition, and structure of the biodiesel alter the fuel 
injection and ignition process, and then the combustion development and the engine exhaust 
emissions [14–18]. Many studies proved that biodiesel feedstock and blend ratios have a large 
impact on obtained results. Peng [2] tested various types of biodiesel on a turbocharged diesel 
engine; he found smoke opacity, CO and HC decreased, but fuel consumption increased com-
pared to petrol diesel. Serrano et al. [11] analyzed the behavior of an EURO 5 engine fuelled 
with two biodiesel blends (7 and 20% v/v). Fuel consumption was not consistently increased 
with biodiesel; NO
x
 emission with biodiesel use did not present significant rise. Yehliu et al. 
[19] investigated the impact of fuel properties and injection strategy on the combustion process 
and soot emission. Three fuels were tested on a turbocharged diesel engine, and particle size 
distribution was measured. Ajtai et al. [20] studied the effect of fuel type and engine condition 
on number and size distribution of diesel soot. They found that the biodiesel content in the 
total fuel amount can modify the characteristics of the exhaust particles.
Among all suitable biodiesel fuels, waste cooking oil (WCO) has been considered a promising 
alternative to vegetable fresh oil because of its reduced raw material cost (the price of WCO is 
two to three times cheaper than virgin vegetable oils [21]). Moreover, WCO conversion into fuel 
offers the advantage of eliminating the environmental impact caused by its disposal. Previous 
studies demonstrated the suitability of WCO as a biofuel. Attia and Hassaneen [12] studied 
the effect of various WCO blends on the performance of a single-cylinder diesel engine. The 
best value of a brake specific fuel consumption was attained at blended fuel containing 20% 
of WCO. A range of blending ratio between 20 and 50% v/v showed the best environmental 
behavior. Gopal et al. [22] investigated the performance and emission characteristics of a single-
cylinder diesel engine designed for agricultural purpose fuelled with WCO and its blends. The 
study revealed that WCO has lower CO, HC, and smoke opacity than diesel. On the other 
hand, NO
x
 and specific fuel consumption were higher than diesel. An et al. [23, 24] evaluated 
the influence of WCO biodiesel/blends on combustion and exhaust emission characteristics of a 
Improvement Trends for Internal Combustion Engines20
four-cylinder turbocharged diesel engine. The results showed that the use of WCO resulted in 
higher brake specific fuel consumption with regard to the exhaust emissions; the use of WCO 
generally resulted in a lower CO2 and HC; under most of the operating conditions, NOx pro-duced by biodiesel (100% v/v) was lower compared to that of diesel fuel. Can [25] experimen-
tally investigated the combustion development of a single-cylinder diesel engine fuelled with 
WCO blended in 5 and 10% with diesel fuel. An increase in NO
x
 emissions and a decrease in 
smoke and HC was found. Cheung et al. [26] analyzed the impact on the emissions from a diesel 
engine at fixed engine speed fuelled with diesel blended with different proportions of biodiesel 
from WCO. The results showed that biodiesel leads to a reduction in HC, CO, and particulate 
mass concentration and number concentrations, but an increase in NO
x
. Man et al. [27] studied 
the effect of diesel operating conditions on the particle size emitted by a diesel engine operating 
with WCO biodiesel. They found more particles with larger size at lower engine speed; primary 
particles tend to form at lower engine load. Hwang et al. [28] investigated the combustion and 
emission characteristics of WCO and conventional diesel fuel in an optically accessible diesel 
engine. WCO had the benefits in CO, HC, and PM reduction at low load. In the high engine 
load, the emission characteristic of WCO was deteriorated than that of diesel.
Although the research on biodiesel combustion and emissions is considerable and many stud-
ies are related to the usage of WCO in diesel engines, they mainly focused on multicylin-
der-diesel engine of large displacement. Only some works are devoted to light-duty diesel 
engines, designed for agricultural purpose, and the results are mainly related to a fixed value 
of engine speed and load.
The main aim of this research is to analyze in detail the impact of WCO used in different per-
centages with diesel oil in an up-to-date light and compact, common rail diesel engine whose 
main application is in microcars and in urban vehicles. A comprehensive experimental activ-
ity was performed in the engine complete operative field in order to characterize the engine 
performance and emissions. NO
x
, CO, CO2, HC, and soot concentration were analyzed. The influence of WCO content in the blend on the particle emissions was also investigated, in 
terms of soot particles' size distributions.
2. Apparatus and tests
2.1. Experimental setup
A common-rail water-cooled two-cylinder diesel engine was tested in this study. Its main 
technical data are presented in Table 1. The engine was connected to an asynchronous motor 
(Siemens 1PH7, nominal torque 360 Nm, power 70 kW) and was installed in the test bed of the 
Engineering Department at Roma Tre University.
Torque measurement was carried out by means of HBM T12 (it is a strain gauge transducer 
with an optical encoder).
AVL Fuel Balance 733 was used for fuel consumption measurement.
The in-cylinder pressure was measured with a piezoelectric transducer AVL GU13P.
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The engine exhaust emissions (CO, CO2, HC, O2, and NOx expressed as NO equivalent) were measured with Bosch BEA352. AVL particle counter (APC) and AVL micro soot sensor were 
used to measure the nonvolatile particle number concentration in the size range 23 nm–2.5 µm 
and the soot concentration in the engine exhaust gas, respectively. Particulate matter size was 
measured through Cambustion DMS500. This device uses a classifier column to compute the 
particle size distribution in the range 5 nm–1 µm, with a size resolution of 16 channels per 
decade. Exhaust gas passes first through a cyclone separator in order to remove particles above 
the measurement range (1 µm). Two stages of dilution are applied before the sample gas passes 
through a corona charger and into the classifier column. Primary and second dilution rates were 
set to 5:1 and 400:1, respectively. The charged particles flow within a particle-free sheath flow 
and are deflected toward grounded electrometer rings by their repulsion from a central high 
voltage rod. Their landing position is a function of their charge and their aerodynamic drag. 
Further details may be found in Ref. [29].
The engine speed was measured using an angular sensor (AVL 364C) with 2880 pulses/
revolution.
Figure 1 shows the complete engine setup.
The sampling frequency was varied according to the engine speed in order to ensure a fixed 
angular resolution of the signals.
Data acquisition was controlled by means of LabVIEW software, by using a custom program 
[30].
2.2. Fuel
A second-generation biodiesel was used in the experimentation. It was obtained starting from 
a mixture of waste cooking oils. Due to its poor quality, it required some treatments in order 
to become similar to a product obtained from refined vegetable oils. A first-stage self-cleaning 
disk separator was used to remove 90% of the water containing the water-soluble matter and 
solids; a second-stage disk separator machine was used to remove the left over water. Physical 
deacidification was also needed to remove free fatty acids (FFA) due to product deterioration 
as a consequence of the use in food cooking. The neutralized products were then converted via 
Engine type Common rail, naturally aspirated, water-cooled
Cylinders 2
Displacement 440 cm3
Bore 68 mm
Stroke 60.6 mm
Compression ratio 20:1
Maximum power 6.7 kW @ 3600 rpm
Maximum torque 20 Nm @ 2400 rpm
Table 1. Engine specifications.
Improvement Trends for Internal Combustion Engines22
a transesterification process. The resulting raw biodiesel, coming from poor raw material, was 
distilled in order to comply with the reference specifications of biodiesel (EN 14214). Details of 
the procedure may be found in Ref. [31]. The properties of the biodiesel and ultralow-sulfur 
diesel (ULSD) are listed in Table 2. The chemical composition of WCO is reported in Table 3.
2.3. Experiments
Since the aim of this work was to investigate the potential use of biodiesel blends in a small 
displacement diesel engine, some preliminary investigations were performed with the objec-
tive of selecting the maximum percentage of WCO in the blend that was able to be tested 
without the need of modification to the engine hardware. It was established that 40% of WCO 
in the blend was the highest quantity of biodiesel that could be tested, since higher percent-
age of biodiesel in the blend caused a degradation of the rubber hoses/seals in the engine fuel 
system. The experimentation was thus performed with a biodiesel percentage lower than 40% 
by volume: standard ultralow-sulfur diesel, B20 (80% ULSD and 20% biodiesel, by volume), 
and B40 (60% ULSD and 40% biodiesel, by volume) were tested. This allowed the investigated 
blends to be ready for use in actual engine. Before each new fuel was tested, sufficient time 
was given to the engine to consume the remaining fuel in the supply system.
Engine speed was varied in the engine complete operative range (2400–3600 rpm).
Load condition was varied in the field 50–80% as regards the available torque at full-load con-
dition evaluated using diesel fuel. The maximum value was established by testing the engine 
with the different blends and by computing the load that are able to ensure the same value 
for all the tested fuels.
Figure 1. Engine setup.
ULSD Biodiesel
Density [kg/m3 at 15°C] 830 877
Viscosity [cSt at 40°C] 2.5 4.4
Lower heating value [MJ/kg] 43.1 37.1
Cetane number 52 56
Table 2. Biodiesel and ULSD fuel properties.
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The data acquisition started after the engine warm-up in order to let the engine reach nomi-
nally stationary conditions. For each running condition, 25 engine cycles were used to average 
the signal, thus to attenuate the engine cycle irregularities (the increase in this number did not 
change the feature of the trends).
3. Results
Experimental results obtained with WCO blends are shown and discussed with the aim of 
highlighting the characteristics of performance (torque, brake specific fuel consumption, 
brake thermal efficiency) and pollutant emissions (NO
x
, CO, CO2, HC, soot concentration, particle number concentration, particle size distributions).
Figure 2 shows the variation of engine torque with speed at full-load condition for diesel fuel, 
B20, and B40. The torque trend at full-load condition depends on the percentage of biodiesel 
in the fuel; since WCO has a lowering heating value than ULSD, the engine torque values 
related to B40 are the lowest at all engine speeds.
In order to allow the comparison between data obtained for the different fuels, it was estab-
lished to perform tests at 80% of full load evaluated using diesel fuel, so as to impose the same 
value of load to the engine for all tested fuels.
Figure 3 shows the variation of brake specific fuel consumption (BSFC) with engine speed 
for 100% load. The fuel consumption increases with the content of WCO in the fuel. This is to 
attribute to the reduction in energy content in the biodiesel as regards diesel fuel. The average 
increase in BSFC over all engine speed values is 3.9% for B20 and 7.1% for B40.
Brake thermal efficiency (BTE) versus engine speed is plotted in Figure 4. It was evaluated 
by computing the ratio of the brake power to the power provided by the consumed fuel at 
full-load condition. The differences in the B20 and B40 averaged values are only about 1% as 
compared to diesel fuel.
Exhaust temperature is a very important indicator of the combustion process and has a key 
role in the formation of pollutants. Figure 5 presents the variation of exhaust temperature with 
engine speed obtained with ULSD, B20 and B40 at 80% of load. The thermocouple was placed 
just downstream junction of the two-branches that connects the cylinders to the exhaust duct. 
All fuels are characterized by an increase of temperature with engine speed. The trends show a 
reduction in exhaust temperature with the increase in biodiesel ratio in the blend. This behavior 
Mass fraction Biodiesel
Carbon 0.812
Hydrogen 0.065
Oxygen 0.117
Sulfur 0.006
Table 3. Biodiesel composition.
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is ascribed to the lower heating value of biodiesel, which reduces the amount of total energy 
released, thus reducing the combustion peak temperature and then the exhaust temperature. 
Data from literature are contradictory: some authors report that biodiesel has a higher combus-
tion temperature as regards diesel fuel [13]; other authors assert the opposite behavior [23].
Figure 2. Variation of engine torque with engine speed [31].
Figure 3. Variation of brake specific fuel consumption with engine speed [31].
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Figure 4. Variation of brake thermal efficiency with engine speed [31].
Figure 5. Variation of exhaust temperature with engine speed [31].
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Figure 6 shows the variation of NO
x
 emission with engine speed at a fixed value of load con-
dition (80%). It is expressed as NO equivalent. All fuels exhibit a decrease in NO
x
 with the 
increase in engine speed, in agreement with literature [32]. This trend is due to the increase 
in the gas motion in the cylinder at higher engine speed that is responsible for a faster mix-
ing between fuel and air and a shorter ignition delay. At higher engine speed, the residence 
time of high temperature within the cylinder is shortened and this causes a reduction in NO
x
 
emission, in spite of the temperature trends shown in Figure 5. The traces in Figure 6 do not 
exhibit remarkable differences; B40 shows the greatest increase in NO
x
, which is evident for 
values greater than 3000 rpm. Such increase in NO
x
 emission can be explained by consider-
ing the effect of temperature, the differences in fuel chemistry, spray properties, and ignition 
delay that affect the duration of premixed and diffusion burn regimes [4, 9, 19].
In Figure 7, CO emission trends obtained at 80% load are shown. The oxygen content in the 
biodiesel blends enhances the mixing process between air and fuel, thus allowing a reduc-
tion in CO emissions for B20 and B40 as regards diesel fuel, in agreement with results from 
literature [7, 33].
Figure 8 presents the variation of HC emission with respect to the engine speed. The WCO 
content in the blend causes a reduction in emissions as regards diesel fuel, according to pub-
lished data [7, 18].
CO2 emission trends are shown in Figure 9. Similar behavior has been obtained for all tested fuels. The literature reports contradictory results in this field. Some authors [34] obtained 
Figure 6.  Variation of NO
x
 emission with engine speed [31].
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an increase in CO2 emission for biodiesel probably due to the higher density of biodiesel in comparison with diesel fuel, that increases the overall mass. Some studies [5, 23] report the 
opposite behavior as a consequence of the lower carbon to hydrogen ratio and the increase in 
oxygen content in the biodiesel blend.
Figure 7. Variation of CO emission with engine speed [31].
Figure 8. Variation of HC emission with engine speed [31].
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The following figures are devoted to analyze how the WCO content in the fuel affects the par-
ticle emission of the engine. Figure 10 shows the nonvolatile particle number concentration 
(PNC) in the exhaust (all data have been normalized by the corresponding available engine 
output value). Each point is a cumulative value of particles in the range 23 nm–2.5 µm. The 
left-hand-side plot shows the variation of PNC with the engine speed at a fixed value of 
load (80%). The right-hand-side plot shows the effect of load condition at a fixed value of 
engine speed (3300 rpm). The traces highlight the reduction in soot emission obtained with 
B20 as regards diesel fuel. The increase in WCO ratio in the blend causes a further decrease 
in PNC. The obtained results are explained by accounting for many aspects. The higher 
density and viscosity of WCO blends as regards diesel oil are responsible for a variation of 
the injection process (smaller spray angle, larger droplet size, and fuel penetration length). 
Studies [12, 28] report that the injection setting has also a significant role in particle emission. 
Furthermore, the higher cetane number of WCO as regards diesel fuel causes a reduction 
in ignition delay and an increase in the mixing-controlled combustion duration. The higher 
oxygen content of biodiesel as regards ULSD promotes the combustion process and favors 
soot oxidation.
Figure 11 shows the effect of engine speed and load on soot concentration in the engine 
exhaust. The plots highlight the increase in the values as the engine speed increases for all 
tested fuels. Such a behavior is in agreement with similar results from literature [5, 19], and 
it is due to the concurrence aspects that have to be taken into account: a reduced time for 
air-mixing and combustion that penalizes the mixture uniformity and the combustion com-
pleteness. In addition, the increase in engine speed is responsible for an enhancement of the 
turbulence, which promotes the extent of complete combustion.
Figure 9.  Variation of CO2 emission with engine speed [31].
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The content of biodiesel in the fuel is responsible for a reduced particulate emission. This 
effect is ascribed to the increase in oxygen content in the blends that is responsible for a more 
complete combustion process and further oxidation of the already formed soot, according to 
Refs. [4–6, 8, 14, 19].
Figures 12–14 present the effect of blend ratio on the distribution of soot particles' diameters 
obtained during tests in which the engine was fuelled with ULSD, B20, and B40, respectively. 
In all plots, the data are expressed as size spectral density (dN/dlogD
p
/cc). The left-hand-side 
plots show the variation of particle size obtained during tests in which the engine speed was 
varied at a fixed load condition (80%). The right-hand-side plots show the variation of par-
ticle size obtained during tests in which the load condition was varied at a fixed engine speed 
value (3300 rpm).
All trends exhibit a bimodal distribution of the particle size: ‘nucleation’ mode is comprised 
primarily of condensed volatile materials, mainly sulfate and heavy hydrocarbons, with par-
ticle sizes that are typically less than 30 nm; ‘accumulation’ mode is comprised mainly of 
carbonaceous particles of sizes larger than 30 nm [36]. The engine type, the operation condi-
tion, and the dilution needed prior sampling deeply affect the particle size distribution [4, 24].
The graphs highlight that accumulation mode dominates in all tested conditions. ULSD 
shows a decrease in particle diameters as engine speed increases: the number of particles of 
Figure 11. a): Soot concentration at 80% load, b): soot concentration at 3300 rpm [35].
Figure 10. a): Particle number concentration at 80% load; b): particle number concentration at 3300 rpm [35].
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diameter larger than 100 nm decreases; the number of particles of diameter lower than 100 nm 
increases. Load condition affects the particle size distribution; load increase causes a greater 
number of larger particles, in agreement with Ref. [14].
Figures 13 and 14 show the data obtained with B20 and B40, respectively. The engine operative 
conditions affect the particle size distribution. B20 traces agree with those related to diesel fuel; 
the increase in engine speed causes a decrease in soot particle concentration with diameters 
Figure 12. a): Particle number concentration at 80% load for ULSD, b): particle number concentration at 3300 rpm for 
ULSD [35].
Figure 14. a): Particle number concentration at 80% load for B40, b): particle number concentration at 3300 rpm for B40 [35].
Figure 13. a): Particle number concentration at 80% load for B20, b): particle number concentration at 3300 rpm for B20 [35].
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larger than 100 nm. B40 trends show that the increase in engine speed is responsible for an 
increase in the concentration of particles of diameters under 100 nm and larger than 200 nm. The 
traces highlight the abrupt decrease in particle number concentration in the range of diameters 
around 1 µm. The increase in load (at constant engine speed) is responsible for the increase in 
particles' sizes for both B20 and B40.
The comparison between the particles' distributions points out that B20 and B40 are char-
acterized by lower number of particles than ULSD in almost all diameters. This behavior 
agrees with literature data. Studies report that the employment of biodiesel blends produces 
an increased number of nanoparticles and a reduced number of ultrafine and fine particles 
in comparison with ULSD [6, 37, 38]. It can be explained by the oxygen content of WCO that 
favors the combustion completeness in the region of fuel-rich diffusion flame and then pro-
motes the oxidation of the already-formed soot and inhibits the soot growth [19].
In Figure 15, the variation with engine operative conditions of the mean size of accumulation 
mode is shown. For all tested fuels, the court mean diameter decreases with increasing engine 
speed at constant load value. The increase in load condition causes an increase in the court 
mean diameter.
WCO biodiesel blends have lower mean diameter in their exhaust than diesel fuel. B40 has 
smaller particle mean diameter as regards B20 for almost all tested conditions.
4. Conclusion
Biodiesel from waste cooking oil was tested to investigate the impact of WCO percentage in 
blends with ultralow-sulfur diesel oil in the performance and emission characteristics of an 
up-to-date light and compact common rail diesel engine, whose main application is in micro-
cars and in urban vehicles.
The engine performance (in terms of available torque, brake specific fuel consumption, brake 
thermal efficiency) with biodiesel blends was found quite similar for B20 and diesel fuel. B40 
suffered for the lower caloric value of the blend in comparison with ULSD.
Figure 15. a): Accumulation mean diameter at 80% load, b): accumulation mean diameter at 3300 rpm [35].
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For what concerns the exhaust emissions, a reduction in CO and HC was observed for bio-
diesel blends, which was more significant with the increase in WCO in the fuel.
A reduction in particulate emissions was attained for WCO blends, along with a correspond-
ing increase in NO
x
, according to the well-known trade-off between NO
x
 and particulate. 
Particle size distributions were characterized by a bimodal distribution, in which accumu-
lation mode dominated. A slight reduction in the particulate number concentration was 
observed as compared to diesel oil. The reduction was more evident as the WCO content in 
the fuel increased. The mean size of particles in B20 and B40 was smaller than that obtained 
with ULSD. For all fuel, engine load and speed conditions affected the particle size distribu-
tion: the increase in engine speed was responsible for a reduction in particles' diameters; the 
increase in load led to a reduction in the number of smaller particles.
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